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TECHNICAL FIELD 



This invention relates to new process and reactor designs including permeable 
reactors (permreactors) and permeators for the hydrocarbon steam reforming, 
hydrocarbon carbon dioxide reforming, combined hydrocarbon steam and carbon dioxide 
reforming, alcohol steam reforming, water gas shift, paraffin dehydrogenation, methanol 
synthesis, and combination of these conversion reactions for production of valuable fuels 
and chemicals. It also relates to the utilization of the end reaction products such as pure 
hydrogen, hydrogen and carbon monoxide, hydrogen and carbon dioxide, and mixtures of 
these species, into specific applications such as fuel cells, gas turbines, gas engines and 
synthesis reactors. 



BACKGROUND OF THE INVENTION 

This current application is continuation in part of the application # 08/595040 
filed 1/31/1996. 

This current invention describes new and improved process and reactor designs 
which involve permeable reactors (permreactors) and permeators for the hydrocarbon 
steam reforming, hydrocarbon carbon dioxide reforming, combined hydrocarbon steam 
and carbon dioxide reforming, alcohol steam reforming, the water gas shift reaction, 
dehydrogenation reactions of hydrocarbons, such as dehydrogenation of alkanes (i.e., 
paraffins) to alkenes, and combination of these previous reactions. 

The reactions and heats of reactions that are referred to and utilized within the 
embodiments of the invention are well known and are listed below: 

(AH°298=206. lkJ/mol), methane-steam reforming (1) 

(AH°29g=247.3kJ/mol), methane-C0 2 reforming (2) 

(AH° 2 98=-4 1 . 1 5kJ/mol), water gas shift (3) 

(endothermic dehydrogenation reactions, heat of reaction 
varies depending on the type of feedstock processed in the 
reactor, e.g., ethane, propane, butane, pentane) 

(4) 



CFL, + H 2 0 = CO + 3H 2 
CH4 + C0 2 = 2CO + 2H 2 
CO + H 2 0 = C0 2 + H 2 

CnH 2n+2 =CnH2n + H 2 



CO + 2H 2 = CH3OH (AH 0 298=-128.2kJ/mol), methanol synthesis (5) 

C0 2 + 3H 2 = CH3OH + H 2 0 (AH°298=-49. 5kJ/mol), methanol synthesis (6) 
CH3OH + H 2 0 = C0 2 + 3H 2 (AH°298= 49. 5kJ/mol), methanol-steam reforming (7) 
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These are catalytic reactions utilizing catalysts such as mckel (Ni), ruthenium 
(Ru) rhodium (Rh), palladium (Pd), platinum (Pt), chromium (Cr), copper (Cu), zinc 
(Zn),' Cobalt (Co), Gold (Au) and other metals, and bimetallic catalyst compositions oi 
these metals The catalysts are supported on alumina (A1 2 0 3 ), titania (Ti0 2 ), silica (Si0 2 ), 
zirconia (Zr0 2 ), lanthanum (La 2 0 3 ) and other supports, enriched with earth metals such 

as Ca, La, Na, K. . 

Use of reactor and membrane permeator configurations and systems disclosed in 
our previous US patent application: # 08/595040, increase the overall process efficacy by 
increasing the total conversion of the following feedstocks: hydrocarbon, hydocarbon- 
C0 2 mixtures, methane, methane-C0 2 mixtures, alcohols. Moreover, the yields to 
hydrogen and carbon monoxide or hydrogen and carbon dioxide are increased by the use 
of the integrated membrane permeators which separates effectively H 2 and C0 2 gases^ 
Process efficiency is further improved by the recycling of unreacted and non-separated 
(non-permeated) hydrocarbon (e.g., methane) and carbon monoxide into the first 
(primary) reactor (reformer) or the alternative direction of the same stream into a 
consecutive catalytic reactor (reformer or water gas shift reactor) for additional 
production of hydrogen and carbon dioxide. Direct utilization of the produced and 
separated hydrogen, synthesis gas, and hydrogen-carbon dioxide mixtures from these 
processes into consecutive synthesis reactors, fuel cells and gas turbines and engines are 
additional advantages and continual applications of the proposed processes. 

Current invention elaborates on the substitution of the primary conventional 
reactor (ie., reformer, water gas shift, dehydrogenation reactor) by a permeable 
(membrane-type) reactor (so called permreactor for simplicity) of specific design, and the 
correspondingly derived improved process and permeable reactor-separator 
configurations for the above mentioned reactions. Moreover, introduction and 
specification of double wall permreactors, besides the single wall permreactors, tor 
conducting similar reactions are also disclosed. The described permreactors are designed 
to consist of interconnected parts which can be readily taken apart and assembled when 
service is necessary. For the disclosed integrated reaction-separation systems specific 
applications are disclosed such as the utilization of the end products and/or permeated 
(separated) streams into consecutively placed synthesis reactors (including additional 
reformers or water gas shift reactors), gas turbines and engines, and various types of 
hydrogen based fuel cells and related fuel cell systems. 

Previous reactor and permeable reactor designs from the above cited references 
refer mainly to methane and methanol steam reforming reactions but not to carbon 
dioxide reforming, water gas shift and dehydrogenation reactions as the present invention 
does Moreover, previous inventions refer to a single reactor or permreactor or otiier 
reaction vessel instead of reactor-separator systems as the present invention describes. 
Present invention introduces double permeable-wall (double membrane-wall) reactors for 
hydrocarbon and alcohol processing reactions. The double membrane-wall reactors can 
be of various designs as disclosed within the embodiments of the invention. These can be 
catalytic reactors as adapted to specific process requirements m terms of setting key 
operating variables such as reaction temperature, pressure, space velocity, teed 
composition, to deliver final products (i.e., hydrogen and synthesis gas) m the purity and 
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thmuehnut required by consecutive applications. Moreover, flexibility in the selection of 
^Sr^mSrials such as metals, inorganics, organics and composites, allows 

Xnacls trials, id composite, Wore, .he selection of Jess ***** 
rrCbtane materials for a specific permreactor, permeator and process operate ,s 

available with current invented designs. + _ rtTV , c +n 

available vni ^ of end product str t0 

consecuJv s^nZ ^ reactors, fuel cells, gas turbines and gas engine, Present invenUon 
"on converting and upgrading primary hydrocarbon 

natural eas coal gas refinery feedstocks such as naphtha and alcohol feedstocks sucn as 
^nT^dM to higher calorific value hydrogen and carbon oxide mixtures; also 
Tfocu^n converting secondary and waste hydrocarbon feedstocks such as acidic 
ito^ bLass gas to same valuable end products. Therefore, present invent on 
d^lfenvironmenfilly benign reactor designs and process designs ^cfc*£ and 
upgrade at the same time otherwise waste gases to valuable hydrogen, sprfhesn gas^ 
Sogen and carbon dioxide mixture. In situ conversion of carbon dioxide containing 
^oc'bon mixtures and abatement of the carbon ^.^^^ £ 
terrestrial greenhouse effect can be considered an additional benefit from the 
implementation of the invention. 

SUMMARY OF THE INVENTION 

The present invention discloses double wall permeable reactors and the related 
elaborate reactor designs, which offer operational advantages by conduc ing n-situ 
reacZ! in comparison with single wall permeable reactors and conventional , nm- 
nTmeabk reactors Consequently, three different permeable reactor configurations are 
SSL? "eactor Ligns are applied to catalytic *J^ fi £^, 
reforming water gas shift and hydrocarbon dehydrogenation reactions. The first desigrns 
a Sk wlu permreactor which consists of three concentric hollow cylindrical tubes 
withte tv^o ir ones to be made by permeable metal inorgamc, carbon or ^yme 
materials depending on the type of feedstocks used and the 

exit streams Heating tubes run through the most-inner cylinder which is also tilled witn 
th ma^ action catalyst. Similarly, the second reactor design consists ^orftoe 
concentric hollow cylindrical tubes with the two inner ones to be made by Permeable 
mZ ^lZnc, cJbon or polymer materials but with the main action catalyst to be 
cSne ^ n the annular space between the most-outer and the : next-inner ^H«ug 
in Zs design is achieved by heating the external side of the most-outer tube. Third 
eaSordeX onsL of an outer impermeable tube which nests multiple orgamc 
Ser o composite polymer tubes for gas permeation. Outer tube contains also the 



4 



main reaction catalyst which is located around the polymer tubes. Heating is achieved by 
^emTheating of the outer tube. Moreover, the invention pertains tc .systems o ?*e 
bribed penrfeable reactors with consecutive permeators for separation and fisher 
P?ocess!ng^f post-reaction gases exiting from the reactors. Permeators can be made by 
SS^Sies for the concomitant separation of hydrogen and carbon dioxide 
£T£ by metal, non-porous inorganic and carbon membranes for the separation of 
Seen only These permreactor-permeator systems are apphed to combined 
KSon Lm and carbon dioxide reforming, hydrocarbon steam reforming 
^"on carbon dioxide reforming, alcohol steam reforming, 
paraffin dehydrogenation reactions for increasing the reactant conversion and the yield to 
P h""lrtn monoxide and carbon dioxide. The 

oxides are used in further chemical synthesis reactions and as fuel m fuel cells, gas 
Ztes 1 gS ngines. The invention also includes hydrocarbon-CO r steam reforming 
S£ls ofpe^reactors with cryogenic separators wherein the consecutive permeator 
a r r Xed\ cryogenic separators and pure hydrogen and carbon monoxide a e 
recovered as final products. Similar permreactors are also directly interconnected with 
STSL cells for use of the products hydrogen, carbon , .onoxide .and s earn as 
direct fuel in the anode of the cell. Finally, the invention includes use of the disclosed 
t^eacto s in series with methanol synthesis and methanol reforming reactors for fina 
Ruction of methanol, hydrogen and carbon dioxide for use ^^"^^ 
fuels. Detailed description of the invention are presented in the embodiments of the 
following Figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig 1 shows the cross section of a concentric double permeable wall cylindrical 
reactor wSh'tubular type heaters located along the catalyst zone, consisting of an inner 
rS n^-porous or plus inorganic, or carbon membrane tube and an outer membrane 
X made by metal, non-porous inorganic, carbon or organic membrane enclosed withm 

a a mult]p D i e e double permeable wall reactors of those described in Fig,, 

but without 'the external impermeable tube, which are placed symmetncally inside a 

larger common stainless steel tube, to create a multiple tube reactor with a common 

external area for collecting final permeate hydrogen. v „ Ari ^ 

Fig 3 shows a cross section of a concentric double permeable wall cylindrical 

reactor consisting of an outer impermeable tube, a next-inner membrane tube made by 

or porous inor/anic, or carbon membrane, and a most-inner membrane 

tube made bv metal, non-porous inorganic, carbon or organic membrane. 

tube made by m^ J ^ ^ { m 

described in Fig.3, which are placed symmetrically inside a larger stainless steel tube, to 
create a multiple tube reactor with a common external heating area. 
CrCate F T g 5 shows a cross section of a multiple permeable membrane tube reactor 
wherein L "membranes are made by an organic or composite polymer and are nested 
within an outer impermeable tube. 
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Fie 6 shows a system of a catalytic permreactor and a consecutive permeator or 
optionally a'system of two catalytic permreactors in series for hydrocarbon steam and 
C0 2 refoLing or for hydrocarbon C0 2 reforming only. The reject from he permeator 
streak contaLg non-permeate hydrocarbon and CO can be optionally fed into a 
consecutive catalytic steam reforming reactor. 

L 7 shows a similar process as in Fig.6 in winch the initial feedstock consists 
only of CO and steam, to undergo water gas shift reaction only in the first ^ ca^ytic 
permreactor. The reject from the permeator, CO stream, can be recycled into the initial 
permreactor or optionally fed into a consecutive water gas shift reactor. 

Fig 8 shows a permreactor-permeator or reactor-permeator system applied for 
catalytic dehydrogenation of C r C 4 or higher alkane hydrocarbons; the reject from the 
membrane permeator olefinic stream can be used for polyolefin production, 
membrane £ ^ ^ ^^.^^ system for the hydrocarbon steam 

reforming reaction. The reject from the membrane permeator hydrocarbon and CO 
stream can be recycled into the initial reformer or fed into a consecutive steam reforming 



reactor ■ v* 

Fig 10 shows a system of a catalytic permreactor or impermeable reactor with a 
consecutive cryogenic separator for hydrocarbon steam and C0 2 reforming or for 
b^carbon Cof reforming only. The one stream separated from the cryogenic 
separator, containing hydrocarbon, C0 2 and steam can be alternatively fed into the inlet 

of the initial reforming reactor. rM ^r for 

Fig 11 shows a system of a catalytic permreactor or impermeable reactor for 
hydrocarbon 'steam and C0 2 reforming or hydrocarbon C0 2 reforming only with 
complete conversion of hydrocarbon and C0 2 gases to H 2 and CO, which produc 
mZre is fed directly into a SOFC (solid oxide fuel cell) unit for electric current 
generation ^ ^ ^ & QT impermea ble reactor 

followed by 'a membrane permeator for hydrocarbon steam and C0 2 reforming jar 
hydrocarbon C0 2 reforming only with complete conversion of hydrocarbon and C0 2 
feedstocks to H 2 and CO which product mixture enters mto the permeator which 
seoarates Kb via permeation from CO. 

Fig 13 shows a system of a catalytic permreactor for hydrocarbon, steam and C0 2 
reforming or hydrocarbon C0 2 reforming only with a consecutive methanol synftes* 
reactor from hydrogen, CO and C0 2 or hydrogen and CO only followed by a methanol 
sS reforming reactor for production of H 2 and CO, The system of reactors includes 
recycling streams of H 2 and C0 2 for increasing the overall process efficacy. 



DETAILED DESCRIPTION OF THE DRAWINGS 

Fig 1 shows a cross section of the membrane reactor to be used in steam and 
carbon dioxide reforming of hydrocarbons, steam reforming of afcohols, water gas shift 
and dehydrogenation reactions, which consists of a concentric double wa 1 cylmdncal 
assembly with tubular type heaters located within the catalyst, along the catalyst zone. An 
outer impermeable tube (7) nests the two permeable concentric tubes. Reacting 
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feedstocks such as steam and hydrocarbon, C0 2 and hydrocarbon steam, C0 2 and 
SocaS)^ T il and alcohols; or alkanes (paraffins) such as ethane, propane n- 
S^rSL^^ta.*, naphtha and higher paraffins, are fed within the main catalyst 
zoT 41 S ^cial inlet fittings and they react in the catalyst to produce ^ydxoger, 
cXn mTnSe carbon dioxide. Optionally, small volumetnc quant.ties of hydrogen 
can^be addedTnto above feedstocks to prevent heavy catalyst deactivation in the reactor 
LTet wherdn propensity for hydrocarbon cracking into carbon is high in absence of any 
SS^^^Sio^ reforming catalyst can be nickel, ruthenium, rhodium, 
oaSi emiched with earth type metals such as potassium, calcium magnesium 
£aZ cTnum and supported on alumina, silica, titania, zircoma or other inorganic 
S ^the vTe'r^ts shift reaction the catalytic metal can be nickel, also iron copper 
Z ZoriZ coLlt enriched with and supported on similar metal oxides. The 
mSanol rXmn g catalysts can be zinc, chromium, copper iron, mcke, ruthenium 
rhodium, palladium. Finally, the above described reactor design is applied as wdltor 
Baffin (alkane) dehydrogenation reactions and the reactor becomes a catalytic 
deCoge^rwhichUzes platinum, chromium, palladium catalysts enriched with 

^ ^^^^ — ^ W> — te 
is made by a metal or inorganic (non-porous or porous), porous inorganic-metal or 
c a rfmlrial Carbon monoxide, carbon dioxide, steam, hydrocarbons, alcohols .may 
C^through first membrane in a lesser degree than 
is porous inorganic or inorganic-metal. An inert earner gas such as 
or a mixture of these gases may flow along the permeate annulus, between Ufoes (flaad 
m through suitable inlet fittings, to carry the permeate components at a specrhc 
p 1Z vie. Permeate hydrogen is further removed through permeation along the 
oT^embrane tube (1) so that permeated stream contains ^^^s ^ 
oure hydrogen to be used in various applications including feed to synthesis reactors, gas 
rtta^Ui. fuel cells. Outer membrane tube (1) is made by a metal, non- 
rZu TinTgankor carbon membrane which allows only hydrogen to permeate through 
aT tUXe purifies hydrogen from the permeating carbon oxides, steam and 
hydrocarbons, in the annular zone between the two membrane tubes. 

Metal materials permeable to hydrogen for the membrane tubes (1) and (2), 
include pan^mm vanadhim, and palladium alloys such as palladium-mckel, pdbdmn- 
s" er pC^nc, palladium-chromium, palladium-copper, paHadium-tungs en and 
othere Hydrogen permeable non-porous inorganic membranes include silicon carbide 
snicon nitride tungsten carbide, tungsten nitride, titanium carbide, titanium nitnde 
^"umTarbide, fantalum nitride and other, 

alumina silica titania, zirconia, various types of glass and others Carbon type 
m^nefare made by' deposition or other fabrication 

or carbonaceous materials within a porous substrate to make it ^"^^ tQ 
Metal and metal alloys can be deposited on porous inorganic or metal surfaces ; to 
make them hydrogen permeable. Palladium and other metal 

can be done with electroless plating, electroplating, sputtering, chemical vapor 
deposition physical vapor deposition and other applicable metal deposition or 
mSSon techniques Inorganic, inorganic-metal membrane materials can be 
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deposited as well in porous inorganic or metal surfaces via various deposition techniques 
including incipient wetness, dip coating and sol gel methods. 

Organic polymer, composite or copolymer membranes can be made by polymers 
such as polyimides, polycarbonates, polysulfones, polybenznmidazoles 
polyphosphazenes, polyamides, polystyrenes, polycaprolactams parylenes, polyvinyl 
halides, polyacetates, polysiloxanes and others to be permeable to hydrogen o 
hydrogen and carbon dioxide. Finally, composites of the prev,ous materials can be also 
made as hydrogen permeable membranes such as inorganic-metal, inorganic-organic 
inorgamc-metalK,rganic composites. Metal and metal alloy, non-porous inorganic and 
carbon membranes are highly selective to hydrogen, while rx>rous inorganic, i org^c and 
composite membranes are usually selective to other species as well. The disclosed double 
permeable wall reactor design can be fabricated by selecting among the aforementioned 
materials to satisfy process requirements for the reactor itself and the consecutive 
application processes disclosed later in the text. 

The external space, created between the outer hydrogen permeable membrane tube (1) 
and the impermeable far outer shell (7), which receives the final permeate hydrogen can 
be either empty, or may contain a selective catalyst (5) which converts permeate 
hydrogen after its combination with a component flowing m the external space parallel to 
the outer membrane tube. Such a flowing (sweep) component can be an unsaturated 
hydrocarbon (e.g., alkenes, alkynes) for conversion to satiated hydrocarbons after 
reaction with hydrogen, in an exothermic reaction. Flowing (sweep) component cm be 
also carbon monoxide for direct production of methanol or gasoline (through Fischer- 
Tropsch synthesis) after combination with the permeate hydrogen m exothermic type 
reactions. Flowing gas can be nitrogen for exothermic ammonia synthesis after its 
combination with the permeate hydrogen. Other combination reactions of flowing 
species with permeate hydrogen can be these for reduction °f^ omatlc v h ^ OC ^ 
abo these for saturation of unsaturated alcohols, phenols, aldehydes, ketones, acids 
these for reduction of alkyl and aryl halides and these for reduction of mtroalkanes and 
aromatic nitrocompounds to corresponding primary amines 

The heat generated by exothermic reactions in the external shell may be 
transferred into the catalytic reaction zone of the inner membrane tube via theradial 
direction, thus providing part of the heat load necessary to drive the endothermic 
catalytic reactions in the inner membrane tube. 

Permeation of reaction products through the membrane tubes, especially 
hydrogen through the inner membrane tube, shifts the thermodynamic equilibrium 
conversion of reactant species to the product side and produces excess hydrogen and 
carbon oxide products within the catalytic reaction zone (4). Outer membran ^ 
thereby serves as a final permeable medium for the recovery of highly pure hydrogen 
product for use in hydrogen utilization applications. Outer metal membrane tube serves 
also as a separation medium for hydrogen out of the central annular zone between tiie 
two membrane tubes, so that partial pressure of hydrogen lowers substantially along the 
annular zone, and therefore continuous driving force exists for hydrogen r^rmeation from 
the catalytic reaction zone (4) to the central annular zone (8). As an alternative to the 
invented design, for low operating gas reforming and dehydrogenation temperatures (e.g 
between 200-400°C) in the absence of steam as a reactant, the inner membrane tube {I) 
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can be made by porous inorganic or inorganic-metal materials and the outer membrane 
tube (1) can be made by organic materials which withstand high temperature (i.e 
materials with high glass transition temperature, Tg) and are both 
hydrogen and carbon dioxide which permeate through the inner tube (2) and flow along 
the central annular zone (8). The mixture of H 2 and C0 2 can be used directly in chemical 
synthesis applications such as this of alternative methanol synthesis via the reaction^ 
C 0 . 3 H,=CH 3 OH+HA and as direct feed in molten carbonate fuel cells via the overall 
electrochemical reaction: H 2+ C0 2+ l/20 2 - H 2 0+C0 2 . Moreover mixtures ofH 2 and 
C0 2 can be converted to CH» or CO, if a special application requires, via the methanation 
or reverse water gas shift reactions respectively given below: 

C0 2 +4H 2 =CH4+2H 2 0, C0 2 +H 2 =CO+H 2 0 
The external (outer) membrane (1) serves also as a backup membrane medium in case 
the inner membrane develops cracks or defects and its permeability to various gases 
increases. In this case, the outer membrane will selectively separate specific gases based 
on the selected membrane material as described above. Moreover, operational and 
maintenance service for replacing old or damaged membrane and ^ /^"^^ 
tubes becomes easier with the proposed design, because each part of the reactor is 
interconnected with the rest and can be disassembled and assembled accordingly. 

Heating of the reformer or reactor is achieved via tubes (6) arranged 
symmetrically around the reactor axis and operated in the gas combustion regime by 
flowing waste type hydrocarbons or hydrocarbon-hydrogen mixtures mixed with oxygen 
or air Unreacted hydrocarbons, carbon monoxide, non-permeate hydrogen or any 
mixture of these species from the reformer outlet can be recycled as well into the heating 
combustion tubes (6). In an alternative heating configuration, a single cylindrical tube 
having the shape of a tube or a coil is located along the reactor axis and can be operated 
by using same quality of combusted gases. In a third alternative configuration the 
symmetrically located tubes with flowing gas can be replaced by cylindrical electric 
heaters, heating bars or coils. 

Fig 2 shows multiple double permeable wall reactors of those described in Fig.l, 
but without the far outer impermeable tube (7), which are placed symmetrically inside a 
larger impermeable tube (Al), to create a multiple tube reformer with a common external 
area for collecting final permeate hydrogen. 

Fig 3 shows another developed reformer or reactor design to be used in steam 
and carbon dioxide reforming of hydrocarbons, steam reforming of alcohols, water gas 
shift and dehydrogenation reactions. Reformer or reactor consists of a most outer 
impermeable tubular cylinder (shell) (1) which is hollow inside in order to nest two more 
concentric tubular cylinders, a next inner one (2) and finally a most-inner (3) which both 
are made by permeable materials. Most outer cylinder (1) is made by impermeable 
stainless steel or alloys, but next-inner cylinder (2) consists of metal, metal alloys, non- 
porous and porous inorganics, porous inorganic-metals or carbon materials such as those 
described in embodiment of Fig. 1. „f n , 

The derived concentric cylindrical assembly has proper inlet and outlet fittings tor 
feeding the feedstocks and discharging the post-reaction species. Proper inlet and outlet 
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fittings are interconnected with the different sites of the cylindrical assembly. Fittings are 
ejected to the annular space between most-outer and next-inner cylinders to deliver 
XoUect gases flowing in this space. Additional independent fittings are connected to 
me a^ut fpace between the nexVinner and most-inner cylinders to deliver and collec 
^Towing in this space. Additional independent fittings are connected to the tubular 
Sace of Ae most-inner cylinder to deliver and collect gases flowing in this space. The 
Kg Tare ml in such a manner so that they can seal in a leak-free manner each 
SoonLT space, and the overall cross section of the double permeable wall 

Safnle Assembly. Before the fittings are applied and 
between the most outer (external) and next-inner cylinders is fi led with the p ope 
reaction catalyst in pellet or particle form to make the catalytic reaction zone (4) Proper 
a^s's used for each reforming, water gas shift and dehydration «gjona 
Catalysts used in these reactions are same with these mentioned above m description of 

Cmb0d Z*l™ l C0 2 reforming of hydrocarbons, steam reforming of alcohols, water gas 
shift and paraffin dehydrogenation reactions, hydrogen is removed along the nexMnner 
ateral cyUndrical metel membrane surface (2), with carbon monoxide carbon dioxide, 
stfam hydroTarbons, alcohols to possibly also permeate through inner lateral membrane 

uXce in a lesser degree than hydrogen depending on the membrane material^ ucd An 
inert carrier gas such as argon, nitrogen, steam or a mixture of ^8^^^ 
along the permeate annulus, between tubes (2) and (3), through suitable inlet fittings, to 
cX the £rmeate components at a specific pressure value. Permeate hydrogen is tohe 
removed through permeation along the lateral surface of most-inner membrane tube (3) 

o AaT* final pimieated stream contains pure hydrogen only, with pure hydrogen to be 
use7in various applications including feed to synthesis reactors, gas turbines and 

engmeS Th n e d nSt W membrane tube (3) is made by a metal, metal ^ 
inorganic or carbon membrane which allows only hydrogen to 
terffore purifies hydrogen from the permeating carbon oxides, steam and hydrocarbons 
Sng in* annular zone created between the next-inner and most-inner cylindnca 
uTs Membrane tubes (2) and (3) can be made with similar manufactunng technique^ 
those described in embodiment of Fig.l. The most-inner membrane tube can be either 

X « ™* **** a selectlve catalyst (5) which conv u erts TT?* a 

combined with" another component flowing through the inner bore of this tube. Such a 
Zing (sweep) component can be an unsaturated hydrocarbon (e.g., alkenes, alkynes) 
forTorfv rsion'to saturated hydrocarbons, after reaction with the P°^X%^ 
exothermic reaction. Flowing (sweep) component for hydrogenation by^ *e Pemeate 
hvdrogen can be also carbon monoxide for direct production of methanol or gasoline 
^ Sons (through Fischer-Tropsch synthesis) in exothermic type 
(sweep) gas can be nitrogen for exothermic ammonia synthesis after ^bination with 
terete hydrogen. Other combination reactions with permeate hydrogen can be 
Sesfr^uction of aromatic hydrocarbons, also these for saturatum of unsamrated 
lolls phenols, aldehydes, ketones, acids, these for reduction of alkyl and aryl hahdes 
and tht/for reduction of nitroalkanes and aromatic nitro compounds to corresponding 
pTmary amines. Alternatively, pure permeate hydrogen can be used as direct feed in 
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hydrogen based turbines and engines, fuel cells, and other power f^^ 1 ^ 
Se heat derated by exothermic reactions in the most-inner cylindrical bore may be 
S^fertdlnto the catalytic reaction zone of the outer membrane cylinder via the radial 
SfC^Si,.. of the heat load necessary to drive the endothermic 
» renins in catalyst bed (4) located within the outer membrane cylinder 

Permeation of hydrogen through the first inner membrane tube, shifts the 
thermoSirequiLum conversion of reactant species to the product side and 

and carbon oxide products for reforming and water gas shift 

reactions and hydrogen only for paraffin dehydrogenation reactions. 

reaction^ and^or^ ^ f ^ ^ & ^ med f the 

recove^f hSy ^e hydrogen product for use in hydrogen utilization application. 
£2 mS membrane tube se'rves also as a separation medium for hydrogen , >ut o 
TlZl zone between the two hollow cylindrical membrane tubes, » *-P*£ 
pressure of hydrogen lowers substantially along the annular ^ 
continuous driving force exists for hydrogen permeation from the enclosed catoiync 
"a~nf (4) to the central annular zone (7), through the next inner membrane tube 

(2) ' As an alternative to the invented design, for low operating gas reforming and 

withstan d high temperatures (have h,gh glass — 
and are permselective to both hydrogen and carbon d,o>ude specte which Ho» , along the 
central annular zone (7). The binary permeate mixture of H ; and CO, can be used 

cmniiratinns described already in embodiment of Fig. 1 . 

membrane serves also as a backup membrane medium in case the 
first inner memo ane develops cracks or defects and its permeability to various gases 
SS^StoU the most-inner membrane will selectively separate specific gases 
S on the selected membrane material as described above. Moreover, operational and 
SenJice service for replacing old or damaged membrane and 
tubes becomes easier with the proposed design, because each p* t of the reactor 
^connected with the rest and can be disassembled and heat 
Heating of the described reformer or reactor is achieved via external heat 
vnM^T^L^ to the reformer combustion regime can be fueled by flowing 
wTe Z ; hyd^arbons or hydrocarbon-hydrogen mixtures mixed with oxygen > or air 
Umeac^hydTocarbons, carbon monoxide product, non-permeate hydrogen product, o 
anTm "hese post-reaction species coming out of the 

connected with the catalyst zone (4), can be recycled as ^^^.f^T 
cZ^on-^ zone (6). Optionally, external heating at ^^ X ]^ 
provided by cylindrical type heaters or heating elements (i.e., made by ceramic, 
composite materials) in contact with the shell. 
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Fig.4, shows multiple double permeable wall cylinder «^ * ^..^J* 
in Fig 3 which are placed symmetrically inside a larger impermeable tube (shell) (Al), to 
create a multiple tube reformer with a common external heating area. 

Fig.5 shows a cross section of a reformer or dehydrogenation reactor which 
consists of multiple cylindrical hollow polymer membrane tubes or fibers (1) nested 
X an outer impermeable metal cylindrical tube (2) which also contains the catalyst 
(3) in particle or pellet form, for the specific reactions mentioned below^ 

Reacting gas feedstocks free of steam such as C0 2 and hydrocarbons also paraffin 
hydrocarbons "fed within the catalyst zone (3) through special ^^Sd«^ 
react in the catalyst to produce hydrogen and carbon monoxide or *^>££££ 
Optionally small volumetric quantities of hydrogen can be added into above feedstocks 
Set ofrhe reactor assembly, to prevent heavy catalyst deactivation m the reactor mlet 
wherein propensity tor hydrocarbon cracking into carbon is high m absence ot any 
n^ogen'lh^ CO, (dry) reforming or dehydrogenation catalysts are te«c^ 
t^pe with those described in embodiment of Fig.l. Steam is avoided as a reactant in the 
rector to avoid long term plasticization and structural damage of membrane tubes and 
loss of related permeability and selectivity properties. 

Hydrogen product from these reactions is removed along the surface of the 
multiple membrane tubes (1), wherein the membranes are made by °^ c ^^. 
composite polymer membranes. Traces of carbon monoxide, carbon dioxide, product 
steTolefmsTnd unreacted hydrocarbons may also permeate through the membrane 
S I a lesser degree than hydrogen. The permeate gas mixture is continuously 
Amoved through the inner side of the membrane tubes and flows into a common 
mTmeable metal shell which is interconnected with all the membrane tubes and sealed 
fromThe gases flowing into the catalytic reaction side (3). Optionally, a flowing 
component can flow along the inner membrane tube to sweep and dilute the permeate gas 

" * catalyst in form of pellets or particles (4) can be contained 

within the inner side of the polymer membrane tubes to carry suitable catalytic reactions 
Sh as hydrogenations) in which one of the reacting species is permeate hydrogen and 
teotoSi species are contained within the flowing gas. Such a flowing (sweep) 
omplit can be In unsaturated hydrocarbon (e.g., alkenes, alkynes) fi^™ 
saturated hydrocarbons, after reaction with hydrogen, m an exothermic ^f^IlZ n 
(sweep) component can also be carbon monoxide for direct production of ; 
gasoline (through Fischer-Tropsch synthesis) after combination with the permeate 
Sogen m exothermic type reactions. Flowing gas can be nitrogen for exothermic 
ImTa synthesis after its ^combination with the permeate hydrogen. Other combination 
reactions with permeate hydrogen over specific metallic catalysts, can be .these for 
reduction of aromatic hydrocarbons, also these for saturation of unsaturated alcohols, 
nSs aldehydes, ketones, acids, these for reduction of alkyl and aryl hahdes and these 
for reduction of nitroalkanes and aromatic nitro compounds to corresponding pnmary 
amines. Part of the heat generated by the exothermic reactions in the inner side ol the 
tubes may be transferred across the membranes, into the common catalytic reaction zone 
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(3) surrounding the multiple membrane tubes, thus providing part of the heat load 
necessary to drive the endothermic catalytic reactions in catalyst zone (3) 

Permeation of reaction products and especially hydrogen through the membrane 
tubes (1) shifts the thermodynamic equilibrium conversion of reactant species to the 
product 'id? and produces excTss hydrogen, carbon oxide, and olefins respectively ^thin 
Z catalytic reaction zone (3). Permeate collected hydrogen through the inner tubes (1) 
can btused in chemical synthesis or fuel applications as described m embodiment of 

Flg l As an alternative to the disclosed design, for low operating reforming and 
dehydrogenation temperatures (e.g., between 200-WC), the inner tubes (1) can be 
rnXby materials which are permselective to both hydrogen and carbon dioxide 
pr^ucl which permeate along the surface of the tubes (1). The separated mixture of H 2 
andC0 2 canbeusedinapplicationsdescribedinembodimentotF lg .i. 

The main heating of the catalyst zone (3), is achieved via external heatmg (5)rf 
the impermeable most-outer reactor shell (2) through combustion of flowing waste jype 
hydrocarbons or hydrocarbon-hydrogen mixtures mixed with oxygen or U^eacted 
hydrocarbons, carbon monoxide, non-permeate hydrogen or any 
coming out of the outlet of catalytic zone (3) can be recycled as well into the external 
combustion zone (5). Optionally, external heating of outer shell (2) can be prov.ded by 
any type of cylindrical type heaters or heating elements (i.e., ceramic, composite). 

Fig 6 depicts a system of catalytic permreactor with consecutive permeator (or 
optionally a permreactor) and optionally another final consecutive reactor lor conducting 
reforming and gas shift reactions. In Fig.6, stream 1 contains hydrocarbon feedstocks 
such as methane (CH4), higher alkanes (paraffins), naphtha, and natural gas, mixed with 
tel and CG 2 and Xduced in catalytic permreactor A for conducing 
reactions (1) (2) and (3), or mixed with C0 2 only for conducting reactions (2) and (3> 
^Mo^ U be aided into stream 1, which is usually between 1-1 5% of the feed 
voklef fo depress carbon formation from hydrocarbon cracking especially in the inlet of 

P ™ Be Sl^ permeable reformer A, is of any of the types described in embodiments 
of Figs. 1,2,3a and 5 above, with H 2 to be separated in permeate stream lb via valve AU 
in the general case. H 2 and C0 2 combined, can be separated in permeate stream in 
special applications, if an organic membrane is used in permreactor A The rejected exit 
Z from the permreactor may contain product CO together w.th unreacted steam 
(H 2 0(g)), C0 2 , and hydrocarbon, and non-permeate H 2 . This stream becomes ; stream 2 
and enters irSo heat exchanger B, where the unreacted steam is removed though 
condensation, and by the heat exchanging process new steam is generated n « 
from the water or steam of stream 5. Stream 6, can provide steam in permreactor A and 
reactor E through streams 9 and 10,18 respectively, in an alternate or simultaneous 
manner via use of valves Bl ,E1. The steam in 6 aquires the exchanged heat load from 
2 the hot gas effluent of permeable reformer A, and thus its derived streams 
9 S can be mixed directly with streams 1 and 12 which are fed Erectly into reactors 
A and E respectively. 
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Steam from 6 is used via streams 10,18 and valves B1.E1 to provide the initial 
Steam rrom o is uwu throush a bed of particles C (moisture 

oermeate and the reject exit stream 19 consists of CO and C0 2 or C0 2 only . 

permeate anat j endot hermic and flue gas streams ,34 and 13 14 

'^T^rnTSt^eaWe reformer A under certam operating condition, 
me prl"am 2 istainiy CO and H.which -^"-J^SX^ 

and the to pXt is a H 2 and CO, mixture ,n ex., stream 19 ..can £ <-*£~* 

- rdH 

electrochemical reaction: 

rS^— S°c^a« y from the hina. m .xture and 



14 



solid oxide (SOFC), molten carbonate (MCFC), alkaline (AFC), phosphoric acid (PAFC) 
and modifications and combinations of these fuel cells. 

Generated hydrogen product from the process can be combined with an 
unsaturated hydrocarbon (e.g., alkenes, alkynes) for converse to saturated hydrocaAons 
Tan exothennic type reaction. Also, with carbon monoxide for direct production of 
metool (as descTed above) or gasoline (through Fischer-Tropsch synthesis) in 
thermic type reactions. Hydrogen can be also combined with nitrogen for exothermic 
ammonk synmesis. Other combination (synthesis) reactions with permeate hydrogen can 
oXe deduction of aromatic hydrocarbons, also these for saturate . of unsatura ed 
alcohols phenols, aldehydes, ketones, acids, these for reduction of alkyl and aryl hahdes 
and tnese for reduction of nitroalkanes and aromatic nitro compounds to corresponding 

^^mdescribed process is able to overcome the thermodynamic equilibrium 
limitations of hydrocarbon (CH.) and C0 2 reactant conversion, through ^remov^ of H 
only or of H 2 and C0 2 gases in membrane permreactor A and permeator D. The calorific 
va ue of the obtained t CO product in permreactor A, is higher than this of the reacfcmt 
hydrocarbon (e.g., C^), C0 2 and steam and the endothermic heat of reaction is stored in 
the products which can be subsequently used as fuels or in chemical synthesis _ 

Assuming 100% conversion of reactions (1) and (3) and reaction (2) in 
equilibrium in permreactor A, 2 mol of CH4 (wrth heat of combustion. 425* kcal), 1 mol 
0? C0 2 (with no heat of combustion), and 1 mol of H 2 0( g ) (with , no ^ of combustton) 
produce 3 mol of CO (with heat of combustion: 202.8 kcal) and 5 mol of H 2 (with heat of 
combustion 341 5 kcal). These values are at 25°C. This corresponds to about 28 /o 
Teat in calorific value for the product. Endothermic heat can be provided m 
reformers A and E through the combustion of flue or waste gases or unreacte I recycled 
hydrocarbons coming out of the exit of reaction zone of reformers A and E as also 

described in Figs. 1 and 3 above. , n 

In an aLnative design, permeator D is replaced by a catalytic permreactor D 
wherein the water gas shift reaction occurs if stream 8 is rich in product CO. In such case 
permreactor D is made by metal, non-porous inorganic, or carbon membranes to separate 
oily hydrogen in permeate. Exit reject stream 12 from permreactor D contains product 
C0 2 and umeacted steam and can be recycled in the first reforming permreactor or used 
in downstream applications either as a mixture or as pure C0 2 after condensation of the 
steam. 

Fie 7 describes a similar embodiment with the one described in Fig.6, but feed 
stream 1 contains carbon monoxide (CO) only, mixed with steam, and mtroduced ,n 
catalytic permreactor A which is filled with catalyst particles to conduct the water gas 

shift I ^^ penneable water gas shift reactor a, is of any of the types described in 
embodiments of Figs. 1,2,3,4, and 5 above, with H 2 to be separated in ^t^m 
lb via valve Al, in the general case. H 2 and C0 2 combined, can be separated in permeate 
stream for special applications, if an organic membrane is used m permreactor A. The 
Tected exit stream from the permreactor contains product CO together with unreached 
steam (H 2 0(g)) and non-permeate H 2 . This stream becomes stream 2 and enters into heat 
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5 StSam 6, can provide steam in permreactor A and reactor E through streams 4 
and U 13 respectively in an alternative or simultaneous manner via use of valves B1,F^ 
SSti the exchanged heat load from stream 2, the hot gas effluent of 
^eabt reacto? A, and thus its derived streams 4,11,13 can be mixed Erectly w,th 
Yearns 1 and 12 which are fed directly into reactors A and E respectively. 

SteTm from 6 is used via streams 1 1,13 and valve Fl to provide initial steam m 
reactor E Sfream 7 passes through a bed of particles (moisture adsorbent) C to remove 
^ non condtnsed Les of moSure and through exit stream 8 enters >™b-ne 
permeator D. Stream 8 contains non-permeate product H 2 , P^uct CO, and uracted 
CO gases and has been cooled at the temperature of permeator D H 2 and C0 2 are 
rel4d in%eate stream 9 through permselective action of membrane in ^permeator 
Hon gating CO exits from permeator through stream 10 which can be called 
reject stream. Stream 10 can be recycled v,a valve Dl and stream 3 into the first 
nirmeable shift reactor A for contiuous shift reaction and conversion to H 2 and CO, 
^^/Stemtfvdy. by use of same valve Dl stream 10 b«s »2 - = 
L reactor E for additional shift reaction (2), and conversion to final H,, C0 2 product 
Steam in E is provided via stream 13. Unreacted steam is removed from exit stream 14 
by 7s m Tthis'sLm through heat exchanger F. New steam is generated from water or 
ster 0 f stream 15 and via steams 16,13 and valve Fl is fed into inlet ^of reactor R Exit 
Si 17 contains H 2 , C0 2 products and traces of unreacted CO depending on the 
o^mg c^ons, that is the temperature, pressure and feed composition of streams 

12 "* Shift^A and E are exothermic and no heat input is ne = as J the 
previous endothermic reformers described in previous embodiments. Stte am 1 . needs _ to 
be preheated in temperature of permeable reactor A before entenng into reactor. Using 
Ae hea'content of sfreams 2 and 14 exiting from the reactors to provide the necessary 
tartSLSTta the feed streams 4 and 13 entering into the reactors, the entire process 
operates E an autothermic way with no additional heat input necessary. The two shift 
reactors can operate at same or different temperature and pressure ™^ 

Exit stream 17 can be used separately or it can be mixed with stream 9 to make a 
combined H 2 and C0 2 stream to be used for chemical 

similar to the ones mentioned above for the reforming reactors. Pure H 2 fhnr th . process 
can be recovered after the C0 2 condensation and removal. Pure hydrogen from the 
P^oceTs," used as fuel or in chemical synthesis applications, as described in 

embodiment of Fig.6 above. i;u^„ m ro rp«rtant 

The described shift process is able to overcome the equilibrium CO reactant 
conversion limitations, through removal of H 2 in permreactor A and intermediate 
5emoJa of H 2 and C0 2 products in permeator D. Thus, the process increases CO 
convetion and H 2 , C0 2 yields above those obtained in conventional water gas shift 
ZcZ Reparation systems for production of H 2 and CO, By use of the two hea 
shift reactor operates in an autothermic way with no need of additional 
except for the initial preheating of stream 1 to start-up operation 



in permreactor A. 
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Fig.8 is an embodiment of a system of catalytic permreac»r wift 
T"el U t^e^S Ttm permreaL A contains unreacted 

^^^^ 

^^^tS&^-ta ^ by non-permeable (e.g., no, 
porous St^io'dehydtogenator A. Valve A. and ? eam Jb-"— 
and all post-reaction gases exit from stream 2. Permeator C still operates 

function as described above. 

Fig 9 is an embodiment which is related with these des ^^^^ 
with stream 1 to contain hydrocarbon feedstocks such as methane or tugher alkanes such 
IS «2S 8-. also alcohol feedstocks such as methanol, ethanol, propanol, 
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butane, mixed with steam only and introduced in ^££%J£% LTe 
w ,„ catalyst particles to conduct ^^^^^^^IZ into 

srr«w^-^ - ^ r r ess cMbon 

ITtion ftom hydrocarbon cracking especial., '"'^'^in embodiments 

f r , ^ S2£ £££££ * valve Al , 

ofFigs. 1 ' 2 ' 3 ^^ d5 * b0 ^'™^ , ined F can be se p ara ted in permeate stream in 
in the general case. H 2 and CU 2 comoinea, urn ^ v r 
supplications,!, an organic membrane i, .used,. ^^"^ m M 
Team ftom the P*™-™ ^C^to^SfiS enSs 5Z 

f «. p Qtrpam 9 rasses through a bed of particles (moisture adsorbent) L to remove 
" onlTd SmLte and thigh exit stream 1 
Srmeator D. Stream 1 1 has been cooled in temperature of permeator D and contains CO, 
CO, unreacted hydrocarbon, non-permeate H 2 gas species. n,™ a tor D 

stream it wiiiv - conversion to H2, UJ, tu 2 

^l^C^Z^ permSe and the reject «, stream ,7 cons.sts of 
Pr ^?oZtr;Tan?E 0, are endothermic and flue gas streams 34 and 15 .6 

temperature and pressure conditions. 
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If conversion is high in permeable steam reformer A under certain operating 
conditions, the product in stream 2 is mainly CO, and non-permeate H 2 which can be 
used directly in applications described already in embodiment of Figs. 1 and 3. 

If the overall process consists of two reformers and the intermediate permeator, 
and the final product is H 2 and C0 2 in exit stream 21, this product can be used separate y 
Tr it can be mixed with stream 12 to make a combined H 2 and CG 2 stream to be used in 

Simil " A^mSy, C0 2 can be condensed cryogenically from the binary mixture and 
pure hydrogen product is produced. Final H 2 product can be used for chemical synthesis 
SVdtoS fe'ed in fuel cells and gas turbines and engines for power ^ generation 
applications (e.g., transportation, stationary), same to these described in embodiment of 

F,S 6 ' The described process is able to overcome the thermodynamic equilibrium 
limitations of hydrocarbon (CH*) and steam reactant conversion, through *e removal of 
H 2 product only, or of the combined H 2 and C0 2 products in membrane permreactor A 
and permeator D. The calorific value of the obtained H 2 , C0 2 product in permreactor A, 
is higher than this of the reactant hydrocarbon (e.g., CF^) and steam mixture, because the 
provided endothermic heat of reaction is stored in the products and can be subsequently 
released bv using products as fuels or in chemical synthesis. 

Asking 100% conversion of reactions (1) and (2), 1 mol of (with heat of 
combustion- 212.8 kcal) and 2 mol of H 2 0(g) (with no heat of combustion) generate 1 
mol of C0 2 (with no heat of combustion) and 4 mol of H 2 (with heat of combustion: 
273 3 kcal) These values are at 25°C. This corresponds to about 28% increase in 
calorific value for the product gases. By providing external heat through flue or waste gas 
input in the reformers and with the described two heat exchangers m place, the energy 
requirement of the one reactor-one permeator or two reactor-one permeator cascades is 
fulfilled and the processes operates in a thermally independent manner providing for an 
energy efficient design. Endothermic heat can be provided in reformers A and E through 
the combustion of flue or waste gases or unreacted recycled hydrocarbons from the 
reaction zone of reformers A and E, as also described in Figs.1,3,5 above. 

Fig 10 is an embodiment of a steam and C0 2 hydrocarbon reforming process 
which includes a permeable reformer or a non-permeable reformer followed by a 
cryogenic separator for separation of certain post-reaction gases exiting from the reject 
exit of the reformer. In Fig, 10, stream 1 is introduced into catalytic permreactor A 
containing hydrocarbon feedstocks such as methane (CF^) mixed with steam and C0 2 for 
conducting simultaneously reactions (1), (2) and (3), or mixed with C0 2 only for 
conducting reactions (2) and (3). Some hydrogen may be added into stream 1, which is 
usually between 1-15% of the feed volume, to depress carbon formation from methane 
cracking especially in the inlet of permreactor A. 

Catalytic permeable reformer A, is of any of the types described ,n embodiments 
of Fies 12 3 4 and 5 above, with H 2 to be separated from the reformer, and exit in 
permeate stream lb via valve Al. The rejected exit stream from the permreactor contains 
product CO together with unreacted steam (H 2 0(g)), C0 2 , and hydrocarbon, and non- 
permeate H 2 This stream becomes stream 2 and enters into a steam condenser C wherein 
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the unreacted steam is condensed and by the heat exchanging process new steam is 
generated in steam 17 from the water or steam of stream 16. Steam through stream 17 is 
recycled into stream 1 in inlet of reformer A. Stream 5 free of steam, exits from 
condenser C and enters into cryogenic separator B, which operates at a temperate lower 
than the boiling temperature of carbon dioxide and hydrocarbons so that these 
compounds are separated as liquids and collected in the bottom of the separator 
(operating cryogenic temperature of the separator is a negative number which has larger 
absolute value than the absolute value of any of the boiling points of the liquified 
components above). However, operating cryogenic temperature of separator is higher 
than the boiling points of carbon monoxide and hydrogen so that these compounds 
remain in the gas phase and exit from the separator as a gas mixture (operating cryogenic 
temperature of the separator is a negative number which has smaller absolute value than 
the absolute value of the boiling points of both hydrogen and carbon monoxide^ 
Liquified components exit via stream 7 through valve Bl. Gas phase hydrogen and 
carbon monoxide exit as stream 6 via valve B2. Liquified stream 7 can be recycled into 
the feed stream of reformer A (stream 1) via stream 8 after evaporation in evaporator D. 
Alternatively, stream 8 can be further processed in another reforming reactor by 
becoming stream 9 which enters into reformer E, for additional steam and C0 2 reforming 
of any remaining hydrocarbons via reactions (1), (2) and (3). Optional, steam in reformer 
E is provided via stream 18. Stream 10 exiting the reformer can optionally condense the 
containing unreacted steam by passing through the heat exchanger F. Inlet stream 11 
contains water which becomes steam in stream 12 after passing through F. Steam in 
stream 12 can optionally fed into reformer E via valve El. Stream 13 exiting the heat 
exchanger F is dry, and contains H 2 and CO as main products with traces of unreacted 
hydrocarbons and C0 2 depending on the operating temperature and pressure of the 
reformer E and the composition of feed streams 10 and 12. 

Recovered H 2 and CO in stream 13 can be either used separately or optionally be 
combined with stream 6 from the separator to make one stream to be used as fuel or in 
chemical synthesis. Direct application of the produced H 2 and CO mixture is in methanol 
synthesis 4 the direct exothermic reaction: CO+2H 2 =CH 3 OH, also m Fischer-Tropsch 
type reactions for production of gasoline type hydrocarbons, and as fuel in gas turbines 
and engines and solid oxide fuel cells for power generation. Similarly, H 2 recovered in 
stream 5 can be used as fuel or in chemical synthesis, as described m embodiment ot 
Fig 6 The described process is able to overcome the thermodynamic equilibrium 
limitations of hydrocarbon (e.g., CFL,), steam and C0 2 reactant conversion, through the 
removal of H 2 and H 2 and CO gases in membrane permreactor A and cryogenic separator 
B respectively. Endothermic heat in reformers A and E is provided through gas streams 
3 4 and 14 15 respectively. Streams 3, 14 can be fed by a bypass stream of exit stream 2, 
as also described in embodiments of Figs. 1,3,5. The reformer A can be optionally 
substituted by a non-permeable reformer A, wherein stream lb and valve Al are 
eliminated and all product H 2 is included in post-reaction mixture entering through 
stream 2 into cryogenic separator B. 

Fig 1 1 is a modified embodiment of the process described in Fig.6. It applies to 
complete conversion of hydrocarbon (i.e., C^) and C0 2 reactants of stream 1, within the 
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permeable reformer A, to H 2 and CO products. The occurring reactions are <^fc(3) or 
(2) (3) only. Catalytic permeable reformer A, is of any of the types described m 
embodiments of Figs. 1,2,3,4, and 5 above, with H 2 to be separated m permeate stream 3 
via valve Al. Exiting from the permreactor, stream 2, containing only CO and non- 
permeating H 2 or CO, non-permeating H 2 , and traces of unreacted steam enters into a 
S ox df fuel cell (SOFC)Lt B. Stream 2 is directed in the anode of *e sohd oxide 
cell and consists the fuel constituent of the fuel cell. 0 2 in stream 4, is directed in the 
cathode of the fuel cell and consist the oxidant, for the well known electrochemical 
reaction conducted within the cell with electric current generation: 
In Anode: H2 + O 2 ~->H20 + 2e 
In Cathode: 02 + 4e — -*20 " . 
Optionally part of hydrogen from permeate stream 3, can be fed into stream 2 yia 
i^TJ^L 3b, to adjust the composition of H 2 in stream 2 to that required to feed the 
fuel cell B. The reformer A can be optionally substituted by a non-permeable reformer A 
wherein all product H2 is included in exit stream 2. Flue gas streams 5 and 6 are used to 
provide the endothermic heat content into the reformer A. Stream 5 ^ b 
Lass stream of exit stream 2, as also described in embodiments of Figs .1,3,5 
Seable reformer A can be substituted by a non-permeable (e.g., stainless steel 
reformer A Valve Al and stream 3, 3b are eliminated and all post-reaction gases exit 
from stream 2. Fuel cell B still operates in same function as described above. 

Fig 12 is an embodiment which describes a modified operation of the process 
described in Fig.6. It applies to complete conversion of hydrocarbon (ue CK^nd C0 2 
reactants of stream 1, within the permeable reformer A, to H, and CO products. The 
"g reactions w«hin the reformer a^ 

reformer A is of any of the types described in embodiments of Figs. 1,2 3,4 and 5 above, 
« to be separated T permeate stream lb via valve Al. Exiting from the 
permreactor, stream 2, containing only CO and non-permeating H 2 , or CO non- 
Srmeating H 2 , and traces of unreacted steam, passes through heat exchanger B and 
moisture adsorbent C to remove unreacted steam, and enters into permeator D as a dry 
stream Hydrogen is separated in stream 11 from carbon monoxide, rejected by the 
meiXane! and^xiting via stream 12. Carbon monoxide, via stream 12 can be optionaUy 
fed into a consecutive water gas shift reactor E for conversion to final H 2 and C0 2 
product, A heat exchanger F is used in exit of the water gas 

any unreacted steam, with final stream 15 to contain only H 2 and C0 2 . The reformer A 
Z be optionally substituted by a non-permeable reformer A, wherein all reaction 
product H 2 is included in exit stream 2 and stream lb, valve Al are eliminated. 

Hydrogen from stream 11 can be used in applications mentioned already in 
embodiment described in Fig.6 and Fig.9. Similarly CO from stream 12, oi ^H 2 an C0 2 
from stream 15 can be used in aforementioned applications described already m 
embodiments of Figs.6,9 and 10. 

Fig 13 is an embodiment of a modified process of the process described in Fig.6. 
It pertains to methanol production from the products of the reforming reaction occurring 
in reactor A and the subsequent utilization of methanol in a methanol-steam reforming 
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reactor The process describes the complete conversion of hydrocarbon (i.e CH^) and 
cSLctants in stream 1, within the permeable reformer A, to H 2 and CO products .The 
occurring reactions are (1),(2),(3) or (2),(3) only. Catalytic permeable former A is of 
any of the types described in embodiments of Figs. 1,2,3,4, and 5 above, with H 2 to be 
slrated in^ermeate stream lb via valve Al. Exiting from the permreactor stream 2 
ontaming onTy CO and non-permeating H 2 , or CO, non-permeating 
unreacted steam, passes through heat exchanger B and f^l^^^o 
unreacted steam and yield an all dry stream of H 2 and CO. Stream 8 of H, and CO 
^thesis gas) enters into the methanol synthesis reactor D, wherein methanol is 
( pSS v tie following exothermic reaction: CO + 2H 2 =CH 3 OH, ^-12^/md 
H3 1) Reactor D is a three phase slurry type reactor or a catalytic plug flow reactor with 
metianoUo b produced in'gas or liquid phase depending on the temperature, pressure 
S feed composition in the reactor and the type of catalyst used. Zinc, copper and 
chromium oxide catalysts are well known to convert synthesis gas to methanol. Methanol 
"earn 9 is fed" to a methanol driven fuel cell for electric c™M£~ 
Optionally, stream 9 containing methanol enters into steam reforming reactor E lor 
continuous catalytic methanol-steam reforming reaction in ^^J^?^ 
reforming reaction in reactor E is as follows: CH 3 0H+H 2 0-3H 2 +CO 2 
AH% a =49 5kJ/mol (13.2). Exiting from the reactor E, gaseous stream 11, condenses 
u^cted L sfeam and methanol nAeat exchanger F, f^^fSlt^ 
stream 14 is H 2 and C0 2 . Steam in reactor E is provided through streams 6,10,13,20 
which is generated by the heat exchanging process in heat exchangers B and F. 

Pure H 2 and C0 2 mixture from exit stream 14, can be used as feed m molten 
carbonate fuel cells or in alternative methanol synthesis via the oppos "Kb" * 
methanol steam reforming, listed above. Optionally, bypass streams 15 16 ^can be fed 
into stream 8 to add C0 2 and H 2 into the synthesis gas mixture fed into reactor o 
admst its composition for increasing methanol production efficiency in the catalyst in 
reactor D via Z reverse (13.2) reaction. Optionally also, stream 1c, which is a bypass 
stream of stream lb and contains pure hydrogen, can be recycled into stream 8 via stream 
16 for adjusting the hydrogen composition in this stream where necessary, to increase 
Xtncy of methanol Synthesis in reactor D. Streams 15 and 1c merge into stream 

16 Hylogln in stream 14 can be used as a mixture with C0 2 , or as pure H 2 after the 
CO'? condensation and removal. . 

Produced hydrogen from streams lb and 14, can be used m applications 
mentioned already m embodiments described in Fig.6 and Fig.9. The H 2 -^ mixture 
of stream 14 can be used in synthesis or fuel applications mentioned already in same 
embodiments. Reformers A and E are endothermic and flue gas streams 3,4 and 18 19 
respectively are used to provide the necessary heat content to drive parallel reactions (1), 
(2) (3) and (13 2) respectively to completion. Streams 3 and 18 can be fed by a bypass 
stream of stream 2. Optionally, reformer A can be a non-permeable reformer with only 
one^s'reaction outS (exit), this of stream 2, which delivers all products and unreacted 
reactants into the heat exchanger B and next into reactor D. 



We claim: 
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